Polarization effects in the Higgs boson decay to 7Z and test of CP and CPT 
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Polarization characteristics of 77 and "fZ states in the Higgs boson decays h — ¥ 77 and h — ¥ "/Z are 
discussed. Based on effective Lagrangian, describing hyy and h~/Z interactions with CP-even and 
CP-odd parts, we calculate polarization parameters £1, £2, £3- Nonzero value of the photon circular 
polarization, defined by parameter £2, arises due to presence of both parts in effective Lagrangian 
and its non-hermiticity. The circular polarization can be measured through the forward-backward 
asymmetry of fermions in the decay ft -> — ¥ 7 / /. Sizable values of this observable may 
testify violation of CPT symmetry. We suggest also a way to measure parameters £1, £3, describing 
correlation of linear polarizations of photon and Z boson, in the decay h — ¥ 7* Z — ¥ £ + £~ Z 
via distribution over the azimuthal angle between the decay planes of 7* — ¥ £ + £~ and Z —¥ ff. 
Deviation of measured value of £1 from zero will indicate CP violation in the Higgs sector. 
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I. INTRODUCTION 

The ATLAS and CMS Collaborations at the LHC have 
recently observed [H, 0] a boson h with mass around 126 
GeV with statistical significance of about five standard 
deviations. The experimental evidence of this new par- 
ticle is the strongest in the two-photon and four-lepton 
final channels, where the detectors give the best mass 
resolution. 

Although the decay pattern of h is mainly consistent 
with the predictions of the standard model (SM), the 
clarification of the nature of this particle still needs more 
data and time. The spin of this boson is known to be zero 
or two, while the CP properties are not yet ascertained. 
Recent data are more consistent with the pure scalar 
boson hypothesis than the pure pseudoscalar one Q- 
Though in the SM the Higgs boson has J PC = 0++, 
there are many extensions of the SM with a more com- 
plicated Higgs sector, in which some of the Higgs bosons 
may not have definite CP-parity 

This aspect of the Higgs study is also related to the 
origin of the CP violation. In the SM the dominant 
source of the CP violation is the complex irreducible 
phase in the Cabibbo-Kobayashi-Maskawa (CKM) ma- 
trix [7| , however this effect is not sufficient to explain the 
observed matter-antimatter asymmetry in the Universe 
Q. There may be other mechanism of the CP violation 
beyond the CKM matrix, for example, in the Higgs sec- 
tor. From this point of view, the elucidation of the CP 
properties of the observed ft.-boson would be an impor- 
tant step towards clarification of the mechanisms giving 
rise to the masses of particles, their mixing and CP vio- 
lation. 



Recently the CP properties of the Higgs boson in the 
two-photon decay channel h — ¥ 7 7 have been addressed 
in Ref. [9]. Indeed, in this channel the measured branch- 
ing is larger than the value predicted in the SM by a 
factor of 1.80 ± 0.30 (stat) toll ( s Y st ) (theory) for 



m h = 126.6±0.3 (stat)±0.7 (syst) GeV [£f or 1.56±0.43 
for m/i = 125 GeV [ll|, thus leaving a space for a new 
physics beyond the SM. The author of [9], in framework 
of a model with vector-like fermions, showed that the CP 
violation in the h — ¥ 7 7 decay results in the dependence 
of the differential decay rate on the angle between linear 
polarization vectors of the photons. Experimentally, this 
angular distribution can be measured after both photons 
are converted into the e + , e~ pairs via the azimuthal an- 
gle distribution between the planes spanned by the two 
e + , e~ pairs. In Ref. (l2j a model- independent analy- 
sis of the CP violation effects in the Higgs boson into 
a pair of the gauge bosons W + , W~ or Z, Z has been 
presented. The author has studied the angular distribu- 
tions of the fermions / = £, q in the cascade processes 
h —¥ V\ V2 —> (/1 J2) (/3 fi) and analyzed possibilities of 
observation the CP violation in these decays to various 
final lepton and quark pairs. 

In the present paper we would like to address the decay 
of the Higgs boson to the photon and Z-boson, h — > 7 Z, 
pointing out to a possibility of studying in this decay not 
only the CP properties of the newly discovered boson, 
but also the validity of the CPT symmetry. In this con- 
nection, one can recall Ref. (T3 |. in which author showed 
that an observation of the circular polarization of the 
photon in the neutral pion decay ir° — > 7 7 (or 77 — > 7 7) 
would signal violation of the CPT symmetry. Indeed, 
the product s k (where s is the photon spin and k is its 
momentum) is P odd and T even. Such a correlation in 
the 7T° decay arises due to interference of the two terms 
in the interaction Lagrangian: 
and a pseudoscalar c 7r° F m „ , 
plings constants and — d^A 
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with c and c being cou- 
, — d v A^. The analysis 
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of [l3[ demonstrated that a nonzero value of s k corre- 
lation may appear due to a non-hermiticity of the tree- 
level amplitude, i.e. Imc 7^ or/and Imc 7^ 0, or/and 
higher-order loop corrections to the amplitude inducing 
imaginary part of c. 

Note that such a correlation in the Higgs boson decay 
to two transversally polarized Z bosons in connection 
with possible violation of CPT symmetry has been dis- 
cussed in 

Generally, similar arguments can be applied to the two- 
photon decay of the Higgs boson with analogous conclu- 
sion. However, measurement of the photon circular po- 
larization in the h — ¥ 7 7 decay is a rather difficult task. 
Therefore, in the present paper we explore another, a 
simpler possibility to study CPT (as well as CP) prop- 
erties of h boson in the decay 

h^jZ^jff, (1) 

with / = £, q {£ = e~, t~). It turns out that 
the decay distribution over the angle 9 between the mo- 
mentum of the fermion / (in the rest frame of the Z) 
and momentum of the Z (in the rest frame of the h), 
gives information on the photon circular polarization. 
Namely, a nonzero photon circular polarization induces a 
term ~ cos 9 in this distribution which can be measured 
through the forward-backward asymmetry A-fb ■ 

In the SM the h — > 7 Z decay amplitude in the low- 
est order is determined by the loop contributions [H], HU 
which have a small but nonzero imaginary part. There- 
fore the net photon helicity will take a nonzero value once 
we assume a CP violating term in an effective interac- 
tion Lagrangian describing h, 7 and Z . Then one can 
estimate the asymmetry A-pb by making a reasonable as- 
sumptions on the strength of the CP violating term. Any 
CPT violating effects, which may be present in effective 
Lagrangian, will also give contribution to this asymme- 
try. Note that the SM automatically satisfies CPT sym- 
metry. However there are many extensions of the SM in 
which CPT violation appears due to nonlocality in the 
string theory, violation of Lorentz symmetry in the extra 
dimensional models, and so on (see, for example, [l6| and 
references therein). 

As for experimental results on the SM Higgs boson de- 
cay to Z boson and photon, we mention recent CMS ex- 
periment search [17| ■ The Higgs production cross-section 
times the h — > 7 Z branching fraction limits are about an 
order of magnitude larger than the SM expectation for 
m h = 125 GeV. 

The paper is organized as follows. In Section |TT] effec- 
tive Lagrangian for h 7 7 and hj Z interactions and cou- 
pling constants in the SM and some its extensions are 
considered. In Section Mil amplitudes and polarization 
parameters for the decays h — > 7 7 and h — > 7 Z are spec- 
ified. Distribution of the h — » 7 Z — > 7 / / decay in the 
polar angle, and distribution of the h — > 7* Z — > £ + £~ Z 
decay (with Z — > ff on mass shell) in the azimuthal an- 
gle are obtained. In Section ITVl results of calculation and 



discussion are presented. In Section [V] we draw conclu- 
sions. 



II. FORMALISM 

The effective Lagrangian for the h 7 7 and h 7 Z inter- 
actions can be written, as 

16 IT 1 v V 

- c 2Z (d^h Z v - d v h Z M ) F^ v - ~c z Z^F^hj , (3) 

where e is the positron electric charge, g is the SU(2)l 

— 1/2 

coupling constant and v = (v^Gf) ~ 246 GeV is the 
vacuum expectation value of the Higgs field. Here 
and Z^ v are the standard field strengths for the electro- 
magnetic and Z field and = e^ ua pF a ^ /2, with con- 
vention £0123 = +1- Dimensionless parameters c.y. ciz, 
C2Z, c 7 , and cz are effective coupling constants |32j |. 

It is convenient to write the couplings c 7 and c\z as the 
sums of terms in the SM and New Physics (NP) beyond 
the SM: c 7 = c™ + tf p , c iz = c| M + cfj. In the 
SM, Cj=C2z—cz=0 and their nonzero values come from 
effects of the NP. In general, in the SM the couplings 
c~ M and have small imaginary parts which arise due 
to the intermediate on-mass-shell £ + £~ and qq states in 
the one-loop contributions (where £ = e~, r~ denote 
leptons and q — u, d, s, c, b denote quarks (excluding t 
quark)). In the one-loop order c 7 M and c^ M are given 

c 7 M = AI{t w ) + Y,N } Q)AI /2 {t } ) 
i 

« -6.60 + 0.08i, (4) 

c| M = -Af(Tw,\ w )-J2XfQf9fA? /2 (T f ,\ f ) 

f 

« -5.540 + 0.005i, (5) 

where / = (£, q,t),Nf = 1 (3) for leptons (quarks), 
Qf is the charge of the fermion / in units of the elec- 
tric charge of the positron. Here also <?/ = {2tj,L,f — 
4 Qf sin 2 9w)/ cos9w, where Hlj is the projection of 
the weak isospin of the / fermion, and 9w is the weak an- 
gle. The one-loop functions AJ, A^ 2 , Af , Af^ 2 are de- 
fined in Appendix. These functions depend on arguments 
t w = Am^/ml, X w = Am^/m'l, r/ = 4m 2 f /m 2 h , 
Xf = Arnj/rn^, with rrih being the mass of the Higgs 
boson, mw (mz) - mass of the W (Z) boson, m/ - mass 
of the /-th fermion. Numerical values in (H|) , (J3J) are ob- 
tained for rrih = 126 GeV using the SM parameters from 
[2l| , and the quark masses are chosen according to [22j ■ 
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The terms c 7 , c\z, and c^z above would correspond to 
a CP-even scalar h, while the terms c 7 and cz indicate 
a CP-odd pseudoscalar h. The presence of both sets of 
terms means that h is not a CP eigenstate. Interference 
of these terms lead to CP violating effects which reveal 
in polarization states of the photon. Generally, the cou- 
plings c^ p , , c 7 , C2z, cz may be complex. 

The SM can be considered as an effective low-energy 
theory of underlying unknown theory at a scale A (char- 
acteristic scale of the NP) which is much higher than the 
electroweak scale v. In effective field-theory language 

C2Z, cz can 



NP „NP 

-1Z ' 



[20|, 123H27J, the couplings c; 
be obtained from gauge invariant dimension-6 operators 
such as 



{D M H)i(D u H) B fJ,u , 



iJL(D lt H)1-n t (D u H)Wr, 



O 



BB 



'BB = 



- A_ rri 



Oww 
Oww 

OwB 
OwB 



^^WHB^B^, 
J^H^HW k , u Wr, 



(6) 



Here, g' is the weak hypercharge gauge coupling, B^ u is 
the field strength tensor for the hypercharge gauge group, 
W£ v is the field strength tensor for the weak SU(2) gauge 
group (k = 1,2,3), H represents the Higgs doublet, and 
T k are the Pauli matrices for weak isospin. The operators 
Oi are CP-even, and Oj are CP-odd. The dual field- 
strength tensors are defined by X^ v = (1/2) e^apX 013 , 
for X = B, Wk- The corresponding effective Hamiltonian 
is 



n. 



(6) 
eff 



-c 



(6) 



(7) 



where i = (B, W, BB, WW, WB) and j = 
{BB, WW, WB). The h 7 7 and h 7 Z couplings follow 
from the effective Lagrangian by making the replace- 



ment H — > (0 , (v + h) /y/2) in the unitary gauge: 



4:TTV 



4 7TV 



A 



{cwb — cbb — cww) 



(cbb + cww — cwb) , 



(8) 



(9) 



.NP 

-1Z 



4 7TV 

A" 



sin 9w (cbb tan #w — Cv^w cot 6w 



cwb cot2^v 



C2Z 



2 TTV 



cb - c w 



cos 9 



w 



(10) 



(11) 



Cz 



4 7TW 



^ sin Owycww cot 8w — cbb t&nOw 
c WB cot29 w ). (12) 



The effective dimensionless couplings cb, c^, c^b, cww, 
cwb, cbb, cww, and cwb could be of order unity based 
on naive dimensional analysis [28], [29[ . If the theory is 
valid up to a scale A ~ 4 irv then it follows from Eqs. (JSJ- 



NP „np ~ 

■7 ! L 1Z ! L 7 



c 7 , C2Z j cz can be of the order unity. 



(|12|) that c; 

On the other hand, values of coupling constants 
c^ p , c^J", c 7 , C2Z, cz can be calculated in various mod- 
els. In particular, there are models with more than one 
Higgs doublet which induce CP violation due to the spe- 
cific coupling of neutral Higgs bosons to fermions. We 
calculate c?, c^J 5 , c 7 , C2Z, cz assuming that the cou- 
plings of h boson to the fermion fields, tpf, are given by 
the Lagrangian including both scalar and pseudoscalar 
parts 



C hff 



E 



m f 



hipf(l + sf + ip f js)ipf, (13) 



where Sf, pj are real parameters and Sf=pf=0 corre- 
sponds to the SM. 

Evaluating the fermion contribution to the one-loop 
h — > 7 7 and h — > 7 Z amplitudes we obtain 



NP 



f 

ps lMs t - (3s b + 2s c + 2s T ) x 10~ 2 

+ i2(2s b + s c + s T ) x 10" 2 , (14) 



c 7 = -2j2N fPf Q 2 f T f f(T f ) 
f 

w 2.79ft + (3ft + 2ft + 2ft) x 10~ 2 
- i2(2ft+ft-f-p T ) x KT 2 , (15) 

cfl = -Y,N f s f Q f9f Af /2 (T f ,\ f ) 
S 

ps 0.3253s t - (8.2s b + 1.2s c + 0.2s T ) x 10~ 3 
+ i(4.8s 6 + 0.5s c + 0.1s T ) x 1CT 3 , (16) 

c. z = -^N f p f Q f g f I 2 {T f ,\ f ) 
f 

ps -0.4939p t + (9.6ft + 1.3ft + 0.3p T ) x 10~ 3 
- i (4.9ft + 0.5ft + 0.1ft) x 10~ 3 , (17) 
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where one-loop functions /(r/), -f 2 (T/ , A/) are specified 
in Appendix, and their arguments Tf,Xf are defined after 
Eq. ©. 

In obtaining the numerical values in (|14[) - (I17I) we 
have taken into account dominant contributions from the 
charm, bottom, top quarks and r lepton, in particularly, 
the charm, bottom quarks and r lepton give rise to the 
imaginary parts of the couplings in (fT4")) - (fT7) . 



III. AMPLITUDES AND ANGULAR 
DISTRIBUTIONS 

Let us consider the decay of the zero-spin Higgs h bo- 
son into a pair of photons 

fc(p)->7(fci,ei)7(*2,e 2 ), (18) 

where p is the four-momentum of h boson, k%, fc 2 are 
the four-momentum of photons and ei, £ 2 are the corre- 
sponding polarization four vectors. In the rest frame of 
h, the amplitude of this decay can be written in the form 

A(h 2 7 ) = (c 7 (e* g*) + £^(k[e* x e*])) , 

(19) 

where is the mass of h boson. The polarization vec- 
tors are chosen in the form: ei = (0, ei), £ 2 = (0, e 2 ), 
where e\ k = e 2 k = 0, k is the three-momentum of one 

of the photons and k = k/\k\. 

The helicity amplitudes for decay (fTSj) are equal to 



H± = - 



16 7T 2 V 

The decay width of h — > 27 is 

1 



^C-y —I— % C-ry ^ , 



T(h -> 2 7 ) 



32 TTrrih 



(l#-t 



(20) 



(21) 



The polarization states of a single photon are usually 
described through the density matrix p^K For the pro- 
cess (|18|) . one can write the two-photon density matrix 
following Ref. [30| as follows 

P 1 - 77 -* = ^ (1 ® 1 - 0"3 ® (T3 + £l (<Jl ® (T2 - CT 2 ® (71 ) 

+ (0-3 ® 1 - 1 ® 0-3) - £3 (0-1 ® cri + cr 2 ® cr 2 )) , (22) 

where a = (<7i, <7 2 , (^3) are the Pauli matrices, 1 is 2 x 
2 unit matrix, and <8> means the direct product of two 
matrices. The reference frame is chosen with the OZ axis 
along k, and matrices on the left (right) from symbol C3) 
refer to the photon with momentum k (—k). 
In (|2"2")l the following parameters are introduced 



6 



2 Im 



2Re(c 7 c;) 

l#+l 2 + |ff-l 2 = KFT^F 

2Im(c 7 c*) 



\H + \* + \H^ |c 7 | 2 + |c 7 P 
2 Re (#+#*) |5-y| 2 -|c. 



(23) 



|ff+l 2 + |ff-l 2 



+ c. 



? 12 



The Stokes parameter £ 2 defines degree of the circular 
polarization of the photon with momentum k, it has the 
meaning of average photon helicity. Parameters £1, £3 
define correlation of linear polarizations of two photons 
(in particular, for £1 = 0, £3 = — 1 the linear polarizations 
are parallel, while for £1 = 0, £3 = 1 they are orthogonal). 
Next we come to the decay of h to 7 and Z boson 



Hp) -> 7( fc i, £ i) Z(k 2l e 2 ) 



(24) 



where hi, (fc 2 ) is the four- momentum of photon (Z bo- 
son), £1, (£2) is polarization vector of the photon [Z bo- 
son). 

The helicity amplitudes for the decay (IM1) arc 

H ± = -^ff(l-^)(cx Z + c 2Z ±ic z ), (25) 
16 ir z v \ mi J 



with the decay width 
T(h yZ) ' 



16 nmh 



m| 



1)17 



(\H + \ 2 



\H-\ 2 ) , 



where mz is the Z boson mass. 

From definitions (|23[) we find the polarization param- 
eters 
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2Im(A|| ^) 
2Re(A|| A^) 

\a±\ 2 -\a^ 



(27) 



l^iil 



l^l 2 



where H± from Eq. (|25l) for further convenience are re- 
placed by the amplitudes A\\ = (H + + H-)/>/2 and 
A± = (H + — H_)/y/2 corresponding to linearly polar- 
ized final states. 

Numerical values of parameters £1, £2, £3 will be dis- 
cussed in Section ITVl 

The circular polarization of the photon can be mea- 
sured through the decay h 7 Z 7//. The angular 
distribution of the process in the polar angle 9 between 
the momentum of the fermion / in the Z boson rest frame 
and the direction of the Z boson motion in the h boson 
rest frame has the form 



l dTjh^^Z ^jff) 
T dcos6> 



- 1 + cos^ 



- 2A (/) £ 2 cos( 



where 



The vector g v and axial-vector g A constants are 
9v = hL, f - 2 Qf sin 2 9 W , g f A = t 3L< / . 



(28) 



(29) 



(30) 
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Measurement of the forward-backward asymmetry Afb 
relative to the direction of Z boson motion in the h boson 
rest frame for the / fermions produced in decay ((TJ) , 



.4 



FB 



F -B 
F + B' 



(31) 



where 



1 dT 



■ d cos 8 . 



T d cos ( 



r° l dT , 

B = ' ?j -dcosl 

l I rfcosw 



which is 



.4 



FB 



■AO 6, 



allows one to find £2- 

Note that A ( ^ for the decay 

h — > 7 Z — > 7 yT [i^ 



(32) 



(33) 



is 0.142 ± 0.015 [2l|, therefore in view of the condition 
I £2 1 < 1, the absolute value of the asymmetry for this 
decay is not larger than 0.11. At the same time for the 
decay channel 



h — >• 7 Z —} jbb 



(34) 



(A<» = 0.923 ±0.020 [1H), the absolute value of A FB can 
be much larger, namely, as large as 0.69. 

Let us discuss a possibility to determine the polariza- 
tion parameters £1 and £3. For this one can study the 
process 



/w 7* Z -> Z 



(35) 



with the decay Z — > // on mass shell. For the process 
(1331) we obtain the distribution over the dilepton invariant 
mass squared q 2 and azimuthal angle <fi between the decay 
planes of 7* — > £ + £~ and Z — > ff in the h rest frame: 

dT<h^£+£-Z) dT 1 / I . , 2xN 

(36) 



x (6(9 2 )cos20 + £ 1 ( g 2 )sin20)) 



Here 



^l(? 2 ) 



I^W)! 2 



|A (<? 2 )| 2 + |A||(g 2 )| 2 + \Ax(q 2 W 



(37) 



is the fraction of longitudinal polarization of virtual pho- 
ton, and the amplitudes are defined as 



Ao(q 2 ) 



eg 



16 7T 2 v 



2c iz m z 



+ c 2Z (ml - q 2 + m|)J 



(38) 



A\\(q 2 ) 



e 9 



\V2tt 2 v 



ciz (ml 



C2Z (l 



(39) 



A±{q 2 



eg 



8V2ir 2 v 



c Z \jHm 2 ,q 2 ,m 2 z ), (40) 



with X(a, b, c) = a 2 + b 2 + c 2 — 2 (a& + ac + 6c) and the 
distribution over the invariant mass squared reads 

"cm v/A(to 2 ,<j 2 ,to|) 



d£_ 

dq 2 



48 7T 2 m\ q 2 
+ \A^q 2 )\ 2 ), 



■(|A (g 2 )| 2 + |An( 9 2 )| 



(41) 



where a om = e 2 /(47r) is the electromagnetic fine- 
structure constant. The g 2 -dependent quantities £,i(q 2 ) 
and £,3(q 2 ) can be obtained from Eqs. (|27p in which the 
amplitudes An (Aj_) are substituted by the g 2 -dependent 
amplitudes A\\(q 2 ) (A±(q 2 )). In derivation of (f36|) we as- 
sumed that leptons are massless. 

In expressions (|3"5)) - l|4"0"|) we did not take into account 
additional two-fermion current operators of dimension 6 
[23L |26| in the effective Hamiltonian . These operators 
contribute at tree level to the decay h — > Z which 
is one-loop process in the SM. In addition, contributions 
from the tree-level mechanism h — > Z* Z — > £ + £~ Z were 
not considered. 

From (|36|) one can approximately extract £1 and £3 
in the decay h — > 7Z. Neglecting the amplitude 
for longitudinally polarized photon |Ao(g 2 )| 2 ~ 
g 2 -dependence of the transverse amplitudes, i.e. substi- 
tuting A\\(q 2 ) w A||(0) and Aj_(g 2 ) « Aj_(0), we obtain 
the distribution over the azimuthal angle 



and 



dT(h -> £+^Z) 
— (1- cos 20 + a sin20) 



3tt g mi 



T(h 



1 Z) 
(42) 



The lower integration limit g min is determined by pos- 
sibilities of detectors, in particular, to provide suffi- 
cient <j> resolution to separate sin 2(f) and cos 2(f) terms 
in the distribution (l4*2"j) . The value of g^ ax should be 
(a few GeV) 2 . Of course, account in the amplitudes 
A (q 2 ), A||(g 2 ), A±(q 2 ) of contributions from the two- 
fermion current operators and mechanism with virtual 
-Z-boson decay to £ + £~ pair, mentioned above, would al- 
low one to define accurately the range of applicability of 
Eq. (|4"2"1) . These aspects will be studied elsewhere. 



IV. RESULTS OF CALCULATION AND 
DISCUSSION 

First we note that in the SM the polarization parame- 
ters are £1 = £2 =0 and £3 = — 1. Any deviations of the 
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measured values of £j (i = 1, 2, 3) from these values will 
indicate presence of effects beyond the SM. 

In order to estimate magnitude of effects of NP, we 
consider (i) the approach in which the SM is an effec- 
tive low-energy theory described by the effective Hamil- 
tonian ([7]), and (ii) the model (TIB")) with the scalar and 
pseudoscalar couplings of fermions to the Higgs boson. 

In the effective Hamiltonian approach we take 
for definiteness cb=cw=^, cwb=cbb=cww=^, 
cwb—cbb=cww=^- Choosing the scale A = 4irv we 
obtain for the h — > 77 decay 



£1 = -0.259, £ 2 = 0.003, £3 = -0.966, 

r(fe^77) 

and for h jZ decay 



(43) 



6 = -0.107, & = 0.0001, 6 = -0.994, 



= 1.12. 



r SM (h~> jz 

For another scale A = 2 TeV, for the h — > 77 decay, 
^1 = -0.497, 6 = 0.004, 6 = -0 



(44) 



jj/'yry X.99 • 

and for h — > "fZ decay 



(45) 



6 = -0.236, 6 = 0.0002, 6 = -0.972, 
/i 7 z = 1.31. (46) 

In the model with scalar and pseudoscalar couplings of 
fermions to the Higgs boson we choose the parameters as 
follows 



Pt = Pb = Pc = Pt = ± 1/V2 , 
st — St = s c = s T = l/v2 — 1 



(47) 



assuming natural normalization (l + s/) 2 +py = l. 
As a result, for the decay h — > 77 we find 



Ci = T0.528, £ 2 = T0.010, f 3 = -0.849, 
/i 77 = 1.26 (48) 

and for decay h — > 7 Z 

6 = ±0.121, 6 = ±0.001, £3 = -0.993, 
fi^z = 1.04. (49) 

Note that the chosen model parameters lead to the 
ratios /i 77 and /i 7 z for the decays h — ¥ 77 and h — > 
yZ , which do not contradict the ATLAS and CMS data 

It follows from results of calculation that for the h — > 
jZ decay the parameter £ 2 takes on values about 10~ 3 
or smaller. The corresponding forward-backward asym- 
metry (|3"2"j) measured in the distribution (|2"5)l over the 
angle 9 turns out to be very small as well. Indeed, 



£2 oc lm((c iz + c 2Z )c* z ) = lm(c iz + c 2 z) Rec z -Re(c iz + 
C2 Z )lmc z , therefore £2 is proportional to the imaginary 
parts of couplings c\ Z , C2Z, c z . These imaginary parts 
come from final-state interactions or, in other words, 
absorptive parts of higher-order diagrams beyond the 
tree level and lead to non-hermiticity of the effective La- 
grangian ([3]). 

In the SM, the corresponding contribution in one- 
loop approximation is very small, lmc^ M 0.005 (see 
Eq. ([5])), while in the effective Hamiltonian approach 
Imc^ = Imc2 Z = lmc z = 0, and in the model with 
scalar and pseudoscalar couplings of fermions to the h bo- 
son, the imaginary parts of these couplings are very small 
either, Imc^ ~ Imc2z ~ Imcz ~ 10~ 3 (see Eqs. (fTB|) - 
(jTTJ)) . Therefore the Stokes parameter £2 turns out to be 
very small. One can expect that £2 will also remain small 
in other extensions of the SM. 

If analysis of the distribution (|28p yields sizable val- 
ues of £2, substantially larger than ~ 10~ 3 , then this will 
mean presence of additional sources of violation of her- 
miticity of effective Lagrangian, and therefore violation 
of unitarity of S'-matrix. The latter condition is one of 
the requirements in the proof of the CPT theorem [3l| • 
Therefore measurement of the photon circular polariza- 
tion in the decay h — > 7Z — > 7// through the forward- 
backward asymmetry ^4fb rnay be used for testing CPT 
symmetry. 

The parameters £1 and £3 carry information on the CP 
properties of the Higgs boson. These polarization char- 
acteristics can be measured in the decay h — > 7* Z — > 
£ + £~ Z via the distribution (|36l) or (|4"2"|) over the az- 
imuthal angle cf>. Besides, £1 is CP-odd and T-odd ob- 
servable and, in the absence of final-state interaction be- 
tween the leptons and fermions, non-zero value of £1 will 
point to violation of T invariance. 



V. CONCLUSIONS 

In this paper polarization properties of the 77 and 
7Z states in the Higgs boson decays h — > 77 and 
h — s- "fZ have been discussed. We have chosen effective 
Lagrangian, describing /177 and h'yZ interactions with 
CP-even and CP-odd parts. This allowed for calcula- 
tion of polarization parameters £1, £2, £3. 

The parameter £2, which defines the circular polariza- 
tion of the photon, can be measured in the h — > 7 Z — > 
7 / / decay through the forward-backward asymmetry 
~ £2 of the fermion /. The parameters £1, £3, which 
define correlation of linear polarizations of 7 and Z, can 
be extracted from the azimuthal angle distribution in the 
process h —> 7* Z — s- £ + £~ Z with decay Z ff on the 
mass shell. 

In numerical estimates of these parameters we included 
one-loop contribution from the SM and contributions 
from models beyond the SM. In particular, we applied 
approach in which the SM is an effective low-energy the- 
ory described by effective Hamiltonian, and a model with 
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the scalar and pseudoscalar couplings of fermions to the 
Higgs boson. 

According to these estimates, in framework of CPT 
symmetric theory, the value of photon circular polariza- 
tion turns out to be very small, of the order of 10~ 3 . In 
general, nonzero value of £2 arises due to presence of the 
CP-even and CP-odd parts in effective Lagrangian and 
absorptive parts of one-loop diagrams in the SM. Thus 
measurement of the forward-backward asymmetry A-fb 
in the h — » 7 Z — > 7 / / decay can be used for testing 
validity of CPT symmetry in the h — > jZ decay. In par- 
ticular, a sizable value of the observed asymmetry will 
indicate violation of CPT symmetry. 

Nonzero values of parameter £1 will point to violation 
of CP symmetry in the h — > 77 and h jZ decays. In 
the chosen models of NP, for the h — > ^Z decay, £1 ap- 
pears to be 0.1-0.2. Therefore its experimental determi- 
nation will put constraints on models describing physics 
beyond the SM. 



Af /a (r,A)=/i(r,A)-/ 2 (r,A) 



The functions I\ , I2 are given by 



(A4) 



h(r,X) 



rA + — (/M-/(A)) 



2 (r - A) \ r-A 
+ ^(.9M-. 9 (A))) 



(A5) 



2(t-A) 



(f(r)-f(X)), (A6) 



where the functions /(r) and g(r) can be expressed as 



Appendix A: Definition of Loop Functions 



The loop functions for the W ± boson (Aj^) as well 
as the fermion / (A^) are defined in Ref. [l9| 

J 47(r) = -(2 + 3r + 3r(2-r)/(r)) , (Al) 



1 



arcsm 



f(r) 



If, 1 

4 



log 



1-VT 



T > 1 



r < 1 



(A7) 



^ /2 (r) = 2r(l + (l-r)/(r)), (A2) 

Af (r, A) = cos W (4 (3 - tan 2 W ) h (t, A) 
2' 



( + - I tan 2 



w 



(5+*))h(r,\j),(A3) 



9(t) 



. . 1 

V t — 1 arcsin — = 



log 



T 



T > 1 



(A8) 



T < 1 . 
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